Previous studies have demonstrated a role for the retinal pigment epithelium (RPE) in the development and maintenance of the choroidal vasculature, suggesting that RPE serves a trophic role for the choroidal vessels. The goal of this study was to determine the expression pattern of vascular endothelial growth factor (VEGF) and its receptors and their activation status in embryonic and adult choroid, with the purpose of providing cues regarding the role of VEGF in development and stabilization of the choroidal vasculature. METHODS. Transgenic VEGF-LacZ mice were used to examine VEGF expression in embryonic and adult eyes. Expression of VEGF isoforms and receptors in the RPE-choroid complex was assessed by RT-PCR and real-time PCR. VEGF receptor 2 expression was assessed by immunohistochemistry and its activation state was examined by immunoprecipitation followed by phosphotyrosine blot. RESULTS. VEGF is expressed by RPE throughout the choroidal vascular development and in the adult. The major VEGF isoforms detected in adult RPE were VEGF120 and VEGF164, with almost no detectable VEGF188. RT-PCR analysis showed expression of VEGF receptors and coreceptors in the RPE-choroid complex. VEGFR2 was detected in the choriocapillaris underlying the RPE. Immunoprecipitation and phosphotyrosine blot of this receptor revealed that VEGFR2 is activated in adult mouse and bovine choroids. T he development of the eye, as other organs, depends on the concomitant formation of a complex vascular system to provide nutrients and oxygen. Thus, ocular development is associated with the formation of a vascular network that provides blood flow adapted to the physiologic needs of the mature retina. In most mammals, the adult retina is vascularized by two independent networks: the choroidal and the retinal vasculatures. During early development, the retina is oxygenated by the choroidal and hyaloid vessels. The vascularization of the retina itself occurs only during late gestation in humans and postnatally in rodents, with vessels restricted to the inner retina. The outer retina remains completely avascular, which ensures visual clarity, and is nourished by the choroidal vasculature. The hyaloid vasculature meets the metabolic requirements of the developing lens but regresses during the final stage of ocular development.
T he development of the eye, as other organs, depends on the concomitant formation of a complex vascular system to provide nutrients and oxygen. Thus, ocular development is associated with the formation of a vascular network that provides blood flow adapted to the physiologic needs of the mature retina. In most mammals, the adult retina is vascularized by two independent networks: the choroidal and the retinal vasculatures. During early development, the retina is oxygenated by the choroidal and hyaloid vessels. The vascularization of the retina itself occurs only during late gestation in humans and postnatally in rodents, with vessels restricted to the inner retina. The outer retina remains completely avascular, which ensures visual clarity, and is nourished by the choroidal vasculature. The hyaloid vasculature meets the metabolic requirements of the developing lens but regresses during the final stage of ocular development. 1 Formation of the choroidal vasculature is an early event that commences at the time of optic vesicle invagination when primary vessels originating from the perineural vascular plexus extend around the optic cup. This initial network expands into a complex vasculature with a layer of highly fenestrated capillaries, the choriocapillaris, underlying the outer retina. 2 Although the molecular mechanisms governing the formation and survival of the choroid are unclear, the development of the choroidal vasculature appears to depend on the presence of differentiated RPE and its production of inductive signals.
Clinical observations and experimental models have shown that suppression of RPE differentiation inhibits choroidal development. [3] [4] [5] In addition, studies from animal models have demonstrated that destruction of the RPE leads to loss of fenestrations and atrophy of the underlying choroidal vessels, closely representing alterations observed in geographic atrophy. 6, 7 This crucial association between the RPE and choroidal vessels during development appears to persist in the adult. In age-related macular degeneration (ARMD), choriocapillaris atrophy is preceded by alterations in the RPE. 8, 9 The paracrine interaction between the two tissues is also anatomically reflected by the polarization of both layers. The choriocapillaris is adjacent to the RPE layer and the choriocapillaris endothelial cells present fenestrations only on the side facing the RPE. Similarly, the RPE extends basal infoldings toward the choriocapillaris. Although numerous observations indicate that RPE has a trophic effect on the choroidal vasculature, the mechanisms mediating this relationship are not known. In vitro experiments have demonstrated that RPE cells produce several soluble growth factors, including basic fibroblast growth factor (bFGF), 10 platelet-derived growth factor (PDGF)-B, 11 and vascular endothelial growth factor (VEGF).
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VEGF is a good candidate for mediating RPE growth and survival effects on choroidal vessels. VEGF is an endothelial cell growth factor essential for normal vascular development, as mice with null or heterozygous deletions for VEGF are embryonic lethal. 13, 14 Alternative splicing of VEGF mRNA leads to three isoforms in mouse (120, 164, and 188 amino acids) 15 and at least five different human isoforms, 16 which differ in their ability to bind to heparan sulfate proteoglycans (HSPGs) and neuropilin. Thus, VEGF120 is freely diffusible, whereas VEGF188 remains bound to the cell surface and extracellular matrix (ECM). Finally, VEGF164 binds heparin with moderate affinity and therefore can be found both free and bound to the matrix.
Previous studies have indicated that VEGF is expressed in the correct temporal and spatial pattern to impact the choroid. In rodents and humans, VEGF is expressed by RPE during late choroidal development, whereas the VEGF receptors VEGFR1 and VEGFR2 are expressed by periocular mesenchymal cells adjacent to the RPE. 4, 17, 18 In a coculture experiment, RPEsecreted VEGF was shown to stimulate tube formation by the underlying choroidal endothelial cells. 19 Although VEGF ex-pression by RPE has been found to decrease with age, it persists in adult rats. 17 Taken together, these observations suggest a role for VEGF in the development and maintenance of the choroidal vasculature. Consistent with this concept, RPE cells in vitro have been shown to secrete VEGF basally (toward the choriocapillaris) and VEGF receptors are expressed on the choroidal endothelium facing the RPE layer in human. 20 Although much is known about the formation of the retinal vasculature, little is known about the mechanism of the development and maintenance of the choroidal vessels. The present study was designed to address the hypothesis that RPE-secreted VEGF is involved in the formation and maturation of the choroidal vessels and in the survival of the adult choriocapillaris. Such information is essential, not only to understand how the RPE may support normal choroidal function, but also to provide insight into the contribution of RPE-derived VEGF in ocular diseases, such as neovascular ARMD and geographic atrophy.
METHODS

Animals
Adult (6 -8 weeks old) C57Bl/6 and C57Bl/6-C2J (albino C57Bl/6) mice (Jackson Laboratory, Bar Harbor, ME) and timed-pregnant Swiss-Webster and C57Bl/6 VEGF-LacZ 21 mice were used in the study. All animal experiments were conducted according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research under protocols approved by the Schepens Eye Research Institute Animal Care and Use Committee (ACUC).
Histochemistry and Immunohistochemistry
␤-Galactosidase Histochemistry. VEGF expression was visualized in whole embryos (E10.5 and E13.5) and in cryosections of whole adult eyes from VEGF-LacZ mice. Embryos were fixed overnight at 4°C in 4% paraformaldehyde in PBS. For cryosections, embryos were embedded in OCT compound (Sakura Finetechnical, Torrance, CA). Wholemounted embryos or cryosections were stained for LacZ using the in situ ␤-galactosidase staining kit according to the manufacturer's protocol (Stratagene, La Jolla, CA).
Immunohistochemistry. Air-dried cryosections (10 m)
were pretreated with 0.3% H 2 O 2 in methanol for 30 minutes to block endogenous peroxidase activity. Primary antibodies used were rat anti-mouse CD31 (Pharmingen, San Diego, CA), rat anti-endomucin (a gift from Dietmar Vestweber, Max-Planck-Institute, Bad Nauheim, Germany), and rabbit anti-mouse VEGFR2 T1014 (a gift from Rolf Brekken, University of Texas Southwestern Medical Center, Dallas, TX). 22, 23 Antibodies were visualized with the avidin-biotin-peroxidase technique and 3-amino-9-ethylcarbazole (AEC) or 3,3Ј-diaminobenzidine (DAB) substrates (Vector ABC kit; Vector Laboratories, Burlingame, CA). In each experiment, a section was incubated with isotope matched IgG as a negative control. After mounting, the sections were visualized and photographed with a microscope (Axioskope Mot 2; Carl Zeiss Meditec, Inc., Dublin, CA).
For fluorescent immunodetection of ␤-galactosidase, cryosections were incubated with a polyclonal antibody against ␤-galactosidase (ICN Pharmaceuticals, Aurora, OH) followed by a rhodamine-conjugated anti-rabbit antibody. Cell nuclei were identified by 4Ј,6Ј-diamino-2-phenylindole (DAPI) labeling.
RNA Analysis
Standard RT-PCR Analysis. Tissues were dissected under RNase-free conditions from 8-week-old adult C57Bl/6 mice. Total RNA was extracted (RNAqueousTM-4PCR kit; Ambion Inc., Austin, TX), according to the manufacturer's protocol. Residual DNA was removed by treatment with 1 unit DNase I (Ambion) at 37°C for 20 minutes. One microgram of RNA was reverse-transcribed in the presence of 500 ng of oligo dT12-18 with reverse transcriptase (Superscript II; Invitrogen, Carlsbad, CA) in a 20-L reaction at 42°C for 50 minutes and digested with 2 units of RNase H.
One microliter of cDNA was used as a template in a 25-L amplification mixture containing 200 mM dNTPs, 1 U Taq DNA polymerase (Roche Diagnostics, Indianapolis, IN), and 0.2 M of the appropriate VEGF receptor primer pair (Table 1 ) and amplified for 35 cycles. Amplification products were separated by agarose gel electrophoresis, stained with ethidium bromide, and visualized by UV light.
Real-Time PCR Analysis. mRNA were purified as just described. One microgram of RNA was reverse transcribed as described, except 500 ng of random hexamers was used. One twentieth of the total cDNA (50 ng of equivalent RNA) was used in each amplification reaction. VEGF isoforms were quantified (Prism 9700 Sequence Detection System; Applied Biosystems, Inc.
[ABI], Foster City, CA) according to the manufacturer's instructions. Reactions were performed in 25 L with 0.3 M primers 24 and master mix (SYBR Green Master mix; ABI). PCR cycles consisted of an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and at 60°C for 60 seconds. To confirm amplification specificity, PCR products from each primer pair were subjected to a melting curve analysis. Amplification of the 18S RNA was performed on each sample (Eukaryotic 18S rRNA Endogenous Control kit; ABI) as a control for sample loading and to allow normalization between samples. A standard curve was constructed for each PCR reaction and was derived from the serial dilution (10 Ϫ3 to 10 Ϫ9 ng DNA per reaction) of a plasmid coding for each isoform-VEGF188, VEGF164, and VEGF120 -and amplified using the SYBR Green system. The level of isoform expression in each sample was calculated relative to the standard curve. Each sample was run in triplicate, and each experiment included three nontemplate control wells. Results were expressed as the mean Ϯ standard deviation.
Activation Status of VEGFR2
Cell Lines and VEGF Treatment. Cultured porcine aortic endothelial cells overexpressing the human VEGFR2 (PAE-VEGFR2; a gift from Lena Claesson-Welsh; Ludwig Institute, Uppsala, Sweden) were maintained in DMEM supplemented with 10% fetal bovine serum and 2 mM glutamine and antibiotics at 37°C and were grown in 5% CO 2 . To assay VEGFR2 phosphorylation, subconfluent cells were incubated overnight in serum-free medium and stimulated for 5 minutes with 50 ng/mL of recombinant VEGF165 (R&D Systems, Minneapolis, MN). Reactions were terminated by washing in cold PBS. 
RESULTS
Localization of VEGF and VEGFR2 during Early Eye Development
To examine VEGF expression patterns in the developing eye, we used mice heterozygous for the LacZ reporter gene with a nuclear localization signal under the control of the VEGF promoter. 21 VEGF expression was determined by histochemical localization of ␤-galactosidase activity. RPE have been shown to express VEGF during development, but these studies were focused on at later stages of choroid development and used methods (in situ hybridization and immunohistochemistry) that do not allow clear determination of the cell types expressing VEGF or its receptors. 17, 18 In contrast, we determined VEGF and VEGFR2 expression patterns at very early stages of choroidal development after invagination of the optic cup. At embryonic day (E)10.5, ␤-galactosidase activity, indicating VEGF expression, was detected in the primitive RPE cells. A second site of VEGF expression was localized to the inner nuclear layer (Fig. 1A) . At this stage, ␤-galactosidase staining was weak and diffuse in the lens. Strong VEGF expression was detected in the posterior fibers of the lens at E12.5 (data not shown) and could be seen clearly at E13.5 (Fig. 1B) . No VEGF was detected in the vitreous or associated with the hyaloid vessels (Fig. 1B) . Higher power magnification of the back of the eye revealed strong VEGF expression restricted to the RPE (Figs. 1C, 1D) . To visualize the developing vascular networks of the eye, we used the pan-endothelial cell (EC) marker CD31. At E10.5, CD31 immunolocalization revealed the presence of numerous ECs surrounding the posterior part of the retina (Fig. 1A) . This primitive network differentiated rapidly into major vessels and smaller capillaries adjacent to the RPE (Fig. 1B, 1C) .
To identify cells that would be targeted by VEGF, we determined VEGFR2 expression at the same developmental stages by using immunochemistry. At E10.5, VEGFR2 immunoreactivity was localized to the mesenchymal cells surrounding the optic cup. Comparison with CD31 staining (Fig. 1) , shows that VEGFR2 is expressed by the ECs of the forming vascular beds, the choroid in the posterior part of the eye cup and the tunica vasculosa lentis (Fig. 2A) . Although VEGFR2 has been thought to be specific for the hematopoietic lineage, VEGFR2 protein Serial section stained with nonimmune mouse IgG confirmed the specificity of CD31 antibody and the restriction of VEGF expression to the RPE layer. on, optic nerve; nr, neuronal retina; chd, choroid; cc, choriocapillaris; le, lens epithelium; plf, primary lens fiber; hv, hyaloid vessels; pm, pupillary membrane; tvl, tunica vasculosa lentis.
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was also detected in the central neural retina. Neural expression was weaker at E13.5 when VEGFR2 was restricted to the fetal vasculature and the forming choroid (Fig. 2B) , particularly the developing choriocapillaris (Fig. 2C) . No VEGFR2 was detected in the RPE layer at any developmental time point examined.
RPE-Derived VEGF Expression in the Adult
Assessment of VEGF expression in the adult RPE was complicated by the presence of pigment, which obscured visualization of ␤-galactosidase activity. Therefore, ␤-galactosidase was localized by fluorescence immunolabeling. Cryosections of adult mouse retinas stained for ␤-galactosidase revealed strong expression of VEGF in the RPE layer, whereas no expression was detected within the choroid or neural retina (Fig. 3A) . We confirmed this result and provided conclusive demonstration of the lack of expression in the choroid by examining albino SW VEGF-LacZ mice (negative for the rd mutation), which allowed us to detect VEGF expression by enzymatic ␤-galactosidase staining in the absence of interfering pigment. In adult albino mice, VEGF expression in the posterior part of the eye was clearly restricted to the RPE (Fig. 3B ) and was entirely absent from the choroid, confirming our previous observations. VEGF isoform expression in freshly dissected adult tissues was assessed by real-time PCR. To avoid artifacts caused by RPE isolation and because RPE is the only source of VEGF in the posterior part of the adult eye (Fig. 3) , RNA was directly purified from the entire back layer of the mouse eye (choroid and RPE). We have shown that total VEGF expression and relative isoform distribution differ among tissues. 25 Adult lung and retina displayed high levels of VEGF mRNA (Fig. 4A) . Compared with the brain, RPE represented a site of strong VEGF expression. VEGF164 was the most abundant isoform detected in most of the organs examined, with the exception of the lung, which expressed predominantly (ϳ70%) VEGF 188 (Fig. 4B) . Of note, the RPE expressed only the diffusible isoforms, VEGF164 and VEGF120 (75% and 24%, respectively), whereas the cell-associated VEGF188 was almost undetectable (1%).
Expression of VEGF Receptors and VEGFR2 Activation Status in Adult Choroid
To investigate further the relationship between RPE-secreted VEGF and the choroid, we examined the expression of VEGF receptors and coreceptors in the choroid by RT-PCR. VEGFR1, VEGFR2, and coreceptors, neuropilin-1 and -2, were expressed in the adult choroid-RPE complex (Fig. 5) . Next, we examined the localization of VEGFR2 protein by immunohistochemistry. Consistent with RT-PCR, VEGFR2 was strongly expressed by EC of the choroidal vessels. Whereas no VEGFR2 was detected in developing RPE (Fig. 2) , VEGFR2 expression was clearly seen in adult RPE, although the labeling in the RPE was lighter than in the choroid. More specifically, VEGFR2 seemed to be preferentially expressed in the choriocapillaris adjacent to the RPE layer, with significantly less VEGFR2 staining in the major vessels of the choroid (Fig. 6C) . To confirm that this difference in staining between capillaries and main vessels was specific for VEGFR2, we used two different endothelium-specific markers, endomucin and CD31. Endomucin is an endotheliumspecific sialomucin that has been shown to be expressed in all endothelia as early as E8.0. 26, 27 Staining of adult mouse choroid revealed that endomucin was highly expressed in all the choroidal ECs (Fig. 6A) whereas CD31 was detected in choriocapillaris and some large choroidal vessels (Fig. 6B) . Comparison of VEGFR2 expression pattern to endomucin and CD31 staining clearly demonstrated that VEGFR2 was selectively expressed by the endothelium of choriocapillaris facing the RPE layer.
However, the presence of VEGF receptors does not prove that VEGF is actively signaling. To address this question, we investigated the activation status of VEGFR2 in the adult choroid. This was accomplished by immunoprecipitation of adult murine and adult bovine choroid lysates with anti-VEGFR2 antisera followed by Western blot analysis with antisera against phosphotyrosine. Results revealed that VEGFR2 is activated in adult mouse and bovine choroid (Fig. 7) . VEGFR2 activation in the adult choroid may be unexpected, since the choroidal vasculature is mature and proliferation has ceased.
DISCUSSION
To assess the potential role of VEGF in the paracrine interaction between the RPE and the choroid, we have examined the expression patterns of VEGF and VEGFR2 in early eye development and in the adult. Growth factors involved in the de- 
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velopment of the choroid have been largely unstudied. Although numerous studies have shown that RPE in culture synthesize and secrete VEGF 12, 20 there are limited reports of VEGF expression by adult RPE in the absence of disease. Cells in culture often synthesize growth factors that they either do not produce in vivo or make only during development or wound healing. Thus, the ability of RPE to make VEGF in culture does not provide reliable insight into VEGF expression by RPE in adults. Using VEGF-LacZ mice we have clearly demonstrated that RPE begin to express VEGF at the earliest stages of eye formation, just after invagination of the optic cup. At this time, VEGFR2 is expressed by mesenchymal cells, presumably endothelial cell progenitors, surrounding the optic cup. CD31 staining revealed that the initial maturation of the choroid, the organization into choriocapillaris closely associated with the RPE and larger choroidal vessels, occurs at the beginning of formation of the eye vasculature at E13.5. VEGF involvement in this process is strongly suggested by the pattern of its expression and that of its main receptor, VEGFR2. Although one of VEGF's major functions is to increase endothelial cells permeability, in part by the induction of fenestrations, 28, 29 its role in the acquisition of the fenestrated phenotype remains to be investigated.
RPE-secreted VEGF may also influence neural development. VEGFR2 has been shown to be expressed by neural progenitors of the developing retina (this article and Ref. 30) . It is noteworthy that at E10.5 VEGF expression can also be detected in the inner part of the forming retina. In addition, VEGF has recently been revealed as a neuroprotective and neurogenesis factor. 31 Therefore, neural retina and RPE-derived VEGF could also be involved in the proliferation and/or differentiation of neuronal cells of the retina. The critical role of RPEsecreted VEGF in the formation of choroidal vessels has been recently investigated by using cre-lox strategy to inactivate specifically VEGF expression in the RPE cells. As expected, the early inactivation of VEGF expression led to the almost complete absence of choroidal vessels, microphthalmia, and loss of vision. 32 Although this model confirms that RPE-secreted VEGF is necessary for choroid formation, the early inactivation of the VEGF gene (E11.5) at the time of endothelial cell recruitment and proliferation does not address the function of VEGF at later stages of choroidal vessel development or in the adult.
We have shown that RPE expression of VEGF does not cease with the maturation of the choroidal vasculature, but continues in the adult in the absence of angiogenesis or disease. Expression of VEGF persists in most adult organs where VEGF is frequently produced by epithelial cells adjacent to a microvascular bed where the endothelium expresses VEGF receptors. Examples of this coordinate expression pattern include the lung, where VEGF is produced by pulmonary epithelium just next to the alveolar endothelium; the kidney, where VEGF is expressed by podocytes near the glomerular capillaries 33 ; and the eye, where pericytes and astrocytes adjacent to retinal vessels express VEGF. 34 However, the level of VEGF expression and distribution of isoforms differs significantly among organs (this article and Ref. 35 ). Our results indicate that RPE express the diffusible isoforms, VEGF164 and VEGF120, but not VEGF188, the cell-associated form. This finding is compatible with a function of VEGF as a survival factor for the choroid where it would need to diffuse through Bruch's membrane to access the choriocapillaris. In contrast, (A) Levels of VEGF isoform mRNA were measured by real-time PCR in lung, brain, retina, and choroid-RPE complex. The amount of cDNA was quantified with a standard curve corrected for the 18S content of the samples. VEGF isoforms were found to be differentially expressed. The lung and the retina showed the highest overall VEGF mRNA expression, with lung expressing primarily VEGF188 and retina VEGF164. In the choroid-RPE complex, only the isoforms 120 and 164 were expressed. (B) Percentile representation of the isoforms expression with total VEGF set to 100%. Choroid-RPE is the site of highest expression of VEGF120 and lowest expression of VEGF188. VEGF188 is the predominant isoform produced in the lung, where epithelium-secreting VEGF is in very close contact with the alveolar microvessels. 35 One surprising finding is that VEGFR2 was expressed in adult RPE, whereas no expression was detected in embryonic RPE. To our knowledge, no VEGFR2 staining in adult retina has been reported but such analyses have been limited by the quality of the antibodies used and the presence of the pigment. VEGFR2 mRNA has been reported in adult human RPE in vivo. 36 Our findings that adult RPE express both VEGF and VEGFR2 suggest that there may be an autocrine loop for VEGF in vivo, an observation that had been shown for cultured RPE. 37 In support of the fact that RPE-secreted VEGF diffuses through Bruch's membrane and reaches the underlying choriocapillaris, in our study VEGFR2 was activated in adult choroid. In the adult, where this signaling does not lead to vessel growth, we hypothesize that it instead reflects the survival role that VEGF plays in the adult vasculature. A survival role for VEGF in quiescent endothelium has been suggested in studies in which anti-VEGFR2 molecules were used. Administration of the VEGFR2-selective tyrosine kinase inhibitor SU5416 to adult rats led to alveolar cell apoptosis as a consequence of capillary endothelial cells death in the lung. 38 Significant capillary loss was also observed in the trachea after systemic treatment of adult mice with VEGF-Trap. 39 The dependence of the choroidal vasculature on the RPE is reflected by the disease and abnormalities observed when the RPE layer is not able to differentiate properly 4, 40 or is damaged. 6, 7 For example, the advanced form of geographic atrophy or dry age-related macular degeneration is characterized by a localized degeneration of the RPE, resulting in the atrophy of the underlying choriocapillaris. Loss of VEGF expression by the abnormal RPE layer could explain the endothelial apoptosis observed. Taken together, our data provide strong support for our hypothesis that RPE-secreted VEGF constitutively signals choroidal endothelial cells in vivo. We speculate that this paracrine communication mediates the maintenance of a normally functioning, fenestrated, quiescent choriocapillaris in the adult. 7 . VEGFR2 activation status in the choroid. VEGFR2 lysates of adult murine and adult bovine choroid lysates were immunoprecipitated with anti-VEGFR2 antisera and then Western blotted with antisera against phosphotyrosine. PAE-VEGFR2 cells, untreated or treated with VEGF, were used as the positive control. Results revealed that VEGFR2 is constitutively phosphorylated in both adult mouse and bovine choroids.
